In this study, we investigated an SBP (DctP Am ) of a tripartite ATP-independent periplasmic transport system (TRAP) in Advenella mimigardefordensis strain DPN7 T
that the deletion of dctP Am , dctQ and dctM, respectively, disabled the uptake of this aldoses in cells of either mutant strain. Determination of K D performing thermal shift assays showed a shift in the melting temperature of DctP Am in the presence of D-gluconic acid (K D 11.76 6 1.3 mM) and the corresponding aldonic acids to the above-mentioned carbohydrates
Introduction
Nutrient uptake is essential for bacterial growth. To accomplish an effective absorption of solutes, bacterial transport systems often use substrate binding proteins (SBP). In Gram-negative bacteria, these proteins are localized in the periplasm. They are rarely fused to transmembrane domains, which are mostly found in Gram-positive bacteria and archaea (van der van der Heide and Poolman, 2002) . So far, three transport systems have been described which make use of SBPs: (i) the primary ATP binding cassette (ABC) transporter (Bishop et al., 1989; Higgins, 1992) , (ii) the secondary tripartite tricarboxylate transporter (TTT) (Winnen et al., 2003) and (iii) tripartite ATP-independent (TRAP) transport systems (Forward et al., 1997) . The ABC transporter superfamily is one of the largest transporter families mediating solute transport. These transport systems contain two membrane-associated components with two additional nucleotide binding domains and an extracytoplasmic solute receptor which guides the substrate to the membrane. These SBPs are known to be highly specific (Cui and Davidson, 2011) .
SBPs of primary transporters are found in all domains of life (Higgins, 1992) . Regarding secondary transport, SBPs are widely spread in bacteria and archaea, whereas SBPs are not assigned to secondary transport processes in eukaryotes. SBPs of primary and secondary transport systems have been classified into six different clusters (A-F) according to their structural similarities (Berntsson et al., 2010) . In this classification SBPs of TRAP transport systems form the discrete cluster E. Proteins of this cluster are distinguished by a conserved strand order which is typical for class II SBPs (Fukami-Kobayashi et al., 1999) . Moreover, the proteins consist of the same number and positioning of flanking a-helices and one long a-helix that spans both domains (Berntsson et al., 2010 . The existence of the tripartite transport systems has been unraveled in the 1990s (Tam and Saier, 1993; Forward et al., 1997) . Unlike the ABC-transport systems, the TRAP transporters and the TTT systems use an electrochemical gradient across the cytoplasmic membrane (Forward et al., 1997; Winnen et al., 2003) . It was shown that a TRAP system in Haemophilus influenza requires sodium ions as the driving force for the uptake of N-acetylneuraminic acid (Mulligan et al., 2009) . Several ligands of these highly specific transporters have been described, while the TRAP transport family is better understood than the TTT systems. Proteins of both systems are similar with regard to their tertiary structures, but are not homologous in view of amino-acid sequences (Kelly and Thomas, 2001; Winnen et al., 2003) and therefore, they form independent subclasses in the transporter classification database (2.A.56 TRAP-T family, 2.A.80 TTT-family) (Saier et al., 2006 (Saier et al., , 2009 . TRAP transport systems are generally composed of three proteins: two distinct integral membrane proteins of unequal size, DctQ and DctM, and the solute binding protein DctP. Available structures of identified TRAP transport systems show that the large transmembrane component (DctM) consists of ten to twelve predicted helices, and the smaller transmembrane protein (DctQ) possesses four predicted helices (Kelly and Thomas, 2001; Mulligan et al., 2010) . The first characterized member of this transport family was the DctPQM system of Rhodobacter capsulatus (Forward et al., 1997) . Since then, further predicted and confirmed substrate specificities were described by other laboratories including a wide range of substrates, which were summarized by Mulligan et al. (2010) . This list is continuously expanded by new studies. Vetting et al. recently described 40 novel SBP ligands using differential scanning fluorimetry by the screening of 158 SBPs against a library of 189 compounds (Vetting et al., 2015) . Thereby, the interactions of aldonic acids (e.g. gluconate or galactonate), uronic acids (e.g. glucoronate), aromatic acids (e.g. benzoate) and aldaric acids (e.g. D-glucarate) with SBPs from their library were observed (Vetting et al., 2015) .
In this study, we describe a TRAP transport system in the Gram-negative, oxidase and catalase positive betaproteobacterium Advenella mimigardefordensis strain DPN7 T . During the last years, the interest in A. mimigardefordensis strain DPN7
T (W€ ubbeler et al., 2006) increased due to its ability to utilize the organic sulfur compounds 3,3 0 -dithiodipropionic acid and 3-sulfinopropionic acid (3SP) (W€ ubbeler et al., 2008 Sch€ urmann et al., 2011) . This strain might be a suitable bacterium for the biotechnical production of polythioesters. It was shown that poly(3-mercaptopropionic acid) could be produced using a genetically modified strain of this bacterium (Xia et al., 2012) . Therefore, further investigations of the metabolism of 3,3 0 -dithiodipropionic acid and 3SP could unravel new approaches to improve the metabolic engineering of this strain. For this purpose, we examined the changes of the proteome during exploitation of the abovementioned compounds. The catabolism of both substances ends with the supply of propionyl-CoA into the methylcitrate cycle (W€ ubbeler et al., 2008) ; hence, we used the proteome map with regard to propionic acid metabolism as control (C. Meinert et al., unpublished) . Based on these results, we suggested that DctP Am is involved in the transport of 3SP, which is the structural analogue of succinic acid and known to be transported by TRAP transporters of the DctP-family (Forward et al., 1997; Ullmann et al., 2000) . In contrary to our expectations, the investigated TRAP transporter is apparently involved in the uptake of several aldonic acids, which were obtained from the monosaccharides. The oxidation can be performed in the periplasm by membrane-bound quinoprotein glucose dehydrogenases. These enzymes occur in many bacteria and catalyze a direct oxidation of D-glucose and other sugar molecules including hexoses and pentoses (Matsushita et al., 1980 , Sharma et al., 2005 .
Results

Identification of DctPMQ Am in A. mimigardefordensis strain DPN7
T During our studies of the catabolism of 3,3 0 -dithiodipropionic acid and its degradation product 3SP we performed proteomic studies to also investigate the transport mechanism of these organic sulfur compounds. In this context, DctP Am showed an increased abundance under cultivation conditions with 3SP as sole carbon source (not shown). The protein was synthesized at a fourfold higher amount if 3SP was used as carbon source in comparison to cells cultivated in presence of propionic acid (Meinert et al., unpublished) . We suggested that DctP Am might be involved in the transport of 3SP, because of its structural similarity to succinic acid, which is known to be transported via TRAP transport systems in other Gramnegative bacteria (Mulligan et al., 2010) . We therefore investigated the involvement of DctP Am in the uptake of 3SP by construction of the deletion mutant A. mimigardefordensis DdctP Am (MIM_c39430 , Table 1 ) by applying the Bacillus subtilis SacB-system for a marker free deletion of dctP Am . The mutant was not affected in its growth behavior during cultivation with 3SP or its structural analogue, succinic acid (see Supporting Information Fig. S1 ), nor did DctP Am interact with these compounds in thermal shift assays (not shown). Therefore, the participation of DctP Am in the transport of these compounds as described in other microorganisms is very unlikely (Forward et al., 1997 , Ullmann et al., 2000 .
Furthermore, we screened other carbon sources utilized by A. mimigardefordensis strain DPN7
T and which are known to be transported by a TRAP transport
Carbohydrate uptake in Advenella mimigardefordensis 917 system, including D-gluconic acid, 2-keto-D-gluconic acid and L-glutamic acid. (Quintero et al., 2001; Takahashi et al., 2004; Steele et al., 2009) . No differences in the growth behavior were observed between the wild type or the mutant during cultivation of the cells in liquid or solid media containing these organic acids (not shown), with the exception of D-gluconic acid (Fig. 1A) (Fig. 1A-E) . D-fucose was not tested. In order to investigate the involvement of the other constituent parts of the transport system, we generated independent deletion mutants of the genes encoding DctQ and DctM. Both mutants, DdctQ and DdctM, showed the same phenotypes as monitored in A. mimigardefordensis DdctP Am (Fig. 2) .
The dctPMQ operon in A. mimigardefordensis strain DPN7 T The gene encoding DctP Am was annotated as a putative TRAP transporter solute receptor of the DctP family and consists of a 1020 bp open reading frame. The gene product belongs to the transporter class TC.2.A.56 (Saier et al., 2006 (Saier et al., , 2009 of the transport classification database and consists of 339 amino acid residues. In total, there are 10 paralogous genes belonging to the DctP family in the genome of A. mimigardefordensis strain DPN7
T . An alignment based on the amino acid sequence level of DctP Am showed that the highest identities of two other paralogues are only as high as 36%. All other SBPs and/or the transmembrane components of the corresponding transport systems, either in the wildtype or in a deletion mutant lacking both transmembrane components (A. mimigardefordensis DdctQM) were deleted, as listed in Table 1 . Growth of these deletion mutants was examined on several carbon sources, which were chosen on two criteria: first, known utilization by A. mimigardefordensis strain DPN7
T and second, description of the substance as ligand for a TRAP transport system e.g. succinate (Forward et al,. 1997) , glutamate (Quintero et al., 2001) or taurine (Denger et al., 2006) . A complete list of the tested substrates is shown in Supporting Information Table S2 . None of these mutants showed any change in the growth behavior (not shown), beside the one described above, nor was another growth defect regarding the utilization of D-xylose and D-gluconate observed.
The two other genes of the dctP Am operon, dctQ and dctM encode for two predicted membrane proteins DctQ and DctM, respectively, which mediate the transmembrane transport of the solute bound by DctP Am . DctQ has been described to form a protein mainly composed of four transmembrane-spanning helices. DctM is known to form a larger transmembrane protein, consisting of twelve a-helices (Supporting Information Fig. S2 ) (Rabus et al., 1999; Kelly and Thomas, 2001) . By applying the TMHMM server 2.0, we predicted the nonpolar regions and the a-helices which are most probably spanning the cell membrane. DctM and DctQ showed the typical patterns of transmembrane regions in this in silico analyses. There are several genes located up and downstream of the dctPMQ region, which are most probably involved in carbohydrate metabolism (Fig. 3) . Downstream of dctPMQ genes encoding a dihydroxyaciddehydratase (E.C. 4.2.1.9), a putative D-lactate dehydrogenase (E.C. 1.1.2.4) and a KHG/KDPG aldolase (E.C. 4.1.2.14) are located with the same orientation as dctPMQ. In the upstream region, two genes encoding metabolic enzymes, a putative oxidoreductase (E.C. 1.1.1.100) and a putative malate/L-lactate dehydrogenase (E.C. 1.1.1.27) also putatively involved in carbohydrate metabolism, are located (W€ ubbeler et al, 2014) .
Putative carbohydrate transport systems
Additional investigations in order to identify available transport systems, which may putatively serve for the uptake of carbohydrates, revealed that the strain does not possess a complete phosphotransferase system. Genes encoding enzyme IIB and enzyme IIC are missing, while genes encoding enzyme I, enzyme IIA and the phosphocarrier HPr could be detected. Furthermore, there exists an ABC transport system (MIM_c39770-39800), which is putatively capable of monosaccharide transport. The uptake of sugars with this transporter is, however, unlikely since the genome lacks the sugar kinase regulator, hexokinases, glucokinases and gluconokinases. However, a ribokinase (MIM_c39760) putatively able to phosphorylate D-xylose (Chuvikovsky et al., 2006) was detected (W€ ubbeler et al., 2014) . The genome of A. mimigardefordensis strain DPN7 T harbors 62 genes encoding for major facilitator proteins, which are theoretically capable of carbohydrate transport, but as described below our results rule out that this kind of transport mechanism is used for the uptake of
Expression of dctP, dctQ and dctM It has been described for B. subtilis that a substrate binding protein of a TRAP transport system is required for expression of the functional transporter. The substrate binding protein, however, was not involved in the transport of the ligands (Asai et al., 2000) . To examine a regulatory function of DctP Am , we investigated the presence of transcripts of dctP Am , dctQ Am and dctM Am in the wild type and in the mutant DdctP Am of A. mimigardefordensis during cultivation in presence of D-glucose. As control in the RT-PCR we chose the housekeeping gene eda, which encodes the KDPG aldolase and which is located downstream of dctPQM Am (Fig. 3 ). According to our observations that all three genes are essential for the functionality of the investigated transport system, we observed transcripts of dctQ Am and dctM Am in the deletion mutant A. mimigardefordensis DdctP Am (Fig. 4) . Therefore, DctP Am is not Information Fig. S3) .
Furthermore, we performed differential scanning fluorimetry with purified DctP Am (Fig. 6 ) to elucidate the interaction of the sugar molecules with DctP Am and to determine an apparent dissociation constant K D . The used method only allows determining approximate dissociation constants. We observed a thermal shift with gluconate (K D 11.3 6 1.1 mM) in the assay, but not with D-glucose (Fig. 7) or the other monosaccharides (not shown). When the corresponding sugar acids D-xylonate (K D 8.4 6 1.0 mM), D-galactonate (K D 10.7 6 1.4 mM) and D-fuconate (K D 13.5 6 1.6 mM) were tested, a thermal shift of the melting temperature of DctP Am was also monitored (Fig. 8, Table 3 ). L-arabiononate was not tested because the compound was not commercially available.
Structurally important features for ligand binding
During thermal shift assays, we tested several carbohydrates and organic acids as ligands of DctP Am . By comparison of the results it was noticeable that the molecules interacting with DctP Am (Fig. 9 ) exhibited some structural similarities. All ligands possessed a carboxylic acid function at position C1. Moreover, the stereogenic center of C2 has to be in R-configuration in addition to an S-configuration at position C3. In contrast, substances with a keto-function or two hydroxyl groups in either R-or S-configuration showed no phenotype in growth experiments with in A. mimigardefordensis DdctP Am , nor did they interact with DctP Am and are therefore most likely transported by other transport systems. The uptake of organic acids such as succinic acid or propionic acid, which do not possess hydroxyl groups at positions C2 and C3, is not affected by the deletion of dctP Am and differential scanning fluorimetry showed that these compounds do not interact with DctP Am (not shown).
Oxidation of the sugar molecules in the periplasm
Since the sugar acids bound to DctP Am , but A. mimigardefordensis DdctP Am is not able to utilize D-glucose as Fig. 6 . SDS-polyacrylamide gel electrophoresis after the purification of DctP Am . The calculated size of DctP Am with 6x-Histag and without the signal peptide amounts to 38 kDa, which corresponds to the obtained size in the elution fraction. 40 mg protein were loaded in the lanes 1-6 (1, crude extract; 2, cell free fraction; 3, flow through; 4, washing fraction I; 5, washing fraction II). 5 mg protein from the elution fraction I (lane 6) and II (lane 7) were loaded onto the SDS-PAGE. PageRuler TM prestained protein ladder (Thermo Fisher Scientific, MA, USA) was used as marker. well as the other mentioned sugars as sole carbon sources (Fig. 1) , we performed in silico analyses to identify candidates which could oxidize the monosaccharides in the periplasm. Thereby, we searched for genes with domains of membrane-bound quinoprotein glucose dehydrogenases (TIGR03074, pfam 01011) in the Carbohydrate uptake in Advenella mimigardefordensis 923 genome of A. mimigardefordensis strain DPN7 T . The strain possesses four genes putatively encoding this protein (MIM_c04060, MIM_c38430, MIM_c39230 and MIM_c02450). We measured the glucose dehydrogenase activity in the membrane fraction employing PMS and DCPIP as electron acceptors. Thereby, the oxidation of the sugar molecules yielding the corresponding sugar acids was determined. The specific activity in the membrane fraction of cells cultivated in NB medium was similar for D-glucose (1.6 6 0.1 U/mg), D-fucose (1.5 6 0.4 U/mg) and L-arabinose (1.4 6 0.2 U/mg) and slightly lower with D-xylose (1.2 6 0.1 U/mg) or D-galactose (1.1 6 0.2 U/mg) as substrates (Table 4) .
Discussion
The substrate range of TRAP transport systems is constantly rising. This study describes a member of the TRAP transporter family that transports sugar acids, formed in the periplasm from both, hexoses and pentoses.
Based on transport inhibition experiments using sodium vanadate, there is evidence that the identified transport system is ATP-independent. Sodium vanadate is known to be an effective inhibitor of P-type ATPases and is often used in inhibition experiments with ABCtransporters (Richarme et al., 1993) . In most assays concentrations of less than 30 mM are adequate for a complete inhibition of ATP-dependent transport (Forward et al., 1997; Sharma and Davidson, 2000) . In our experiment, even concentrations of 200 mM sodium vanadate did not affect the intake of radiolabeled D-glucose (see Supporting Information Fig. S3) .
In B. subtilis, the periplasmic solute binding protein DctB was identified. This protein showed sequence similarities to the DctP protein of a TRAP transporter from R. capsulatus (37%), but was clearly not involved in the transport of C 4 -dicarboxylates, which are the ligands of this transport system (Asai et al., 2000) . Instead, the protein functions as a part of a sensor kinase for sensing of C 4 -dicarboxylates (Graf et al., 2014) and is essential for the expression of the encoding genes of the actual transporter (Asai et al., 2000) . In this study, with regard to the identified TRAP transporter of A. mimigardefordensis strain DPN7 by our study, we would expect that D-gluconate formed from D-glucose could also be transported by this permease. In E. coli transcription of gntT was fully induced in the presence of gluconate but only partially induced with a mixture of gluconate and glucose (Peekhaus and Conway, 1998 (MIM_c30520) and 25% (MIM_c01690), respectively, to the sequence of XylE. As described before, a putative monosaccharide ABC transporter (MIM_ c39770-MIM_c39800) was identified in the genome of A. mimigardefordensis, but transport of D-xylose with this transport system is unlikely since the sugar kinase regulator is missing (W€ ubbeler et al., 2014) . Further experiments will be required to examine the growth of the mutants, missing the components of DctPQM Am with D-xylose and D-glucose. In all ligands of previously characterized TRAP transport systems, the contained carboxylic group of the ligand is important for the interaction with DctP. Available crystal structures of SBPs indicate that these proteins have individually defined binding sites in which the ligands are coordinated by hydrogen bonds, hydrophobic interactions and one single salt bridge mediated by a highly conserved arginine (M€ uller et al., 2006; Lecher et al., 2009) . Recently, Fischer and colleagues showed that the interaction of arginine and the carboxylate restricts the substrate range to carboxylate containing ligands (Fischer et al., 2015) . In DctP Am , this arginine residue is located at position 175 in DctP Am and most probably forms a salt bridge with the carboxylic group of D-gluconic acid, D-fuconic acid, D-xylonic acid or D-galactonic acid, respectively. Besides the carboxylic group, it is likely that the order of the hydroxyl groups at position C2 and C3 (see Fig. 7 ) is important for ligand binding of DctP Am . The sugar acids corresponding to D-glucose, D-gluconic acid and D-glucuronic acid, are oxidized at different C-atoms. We showed that D-gluconic acid, which is oxidized at position C1, is a ligand of the SBP. In contrast, DctP Am is not involved in the uptake of D-glucuronic acid, which is oxidized at position C6. Presumably the carboxylic group at position C6 prevents the ligand binding.
In a recent study, sugar acids have already been shown to be novel ligands for TRAP transport systems using differential scanning fluorimetry (Vetting et al., 2015) . By screening of 189 compounds against 158 SBPs from different bacteria (e.g. Bacillus halodurans), a shift in the melting temperature was observed with Dgalactonate, D-xylonate and D-arabinonate. However, the dissociation constants were not determined and physiological investigations with regard to the utilization of these sugar acids were not done. We present apparent dissociation constants for the identified ligands of DctP Am , but it is important to point out that the used method only allows the determination of approximated values. In particular, because of the usage of melting temperatures for the calculation of K D , which generally results in higher dissociation constants than that measured at the physiological temperature (Vivoli et al., 2014) . Vetting et al. observed that the SBP from B. halodurans (BH2673) was stabilized by five aldonic acids (D-gluconate, D-allonate, D-galactonate, D-xylonate and D-ribonate) and that the position of the hydroxylic groups at C2 and C5, as well as the carboxylic function, are important for ligand binding by BH2673. However, our results indicate that in DctP Am the carboxylic group and the hydroxylic groups at C2 and C3 are most critical for ligand binding (Fig. 7) , since the stereoisomers did not affect the growth of the deletion mutants.
In contrast to our first assumption based on the uptake assay, that this TRAP transport system is directly transporting the sugar molecules, we verified that the corresponding sugar acids are the ligands of DctP Am . Nevertheless, all deletion mutants of this TRAP transport system showed restricted growth on D-glucose, D-galactose, D-fucose and L-arabinose and reduced growth with D-xylose, although these compounds do not interact with the SBP of the transport system. As the uptake rates in the in Fig. 5 seemed to be relatively low compared to the metabolic growth rates, it is more likely that the experiment displays the combined process of the oxidation of glucose and the subsequent transport of the formed gluconic acid. In oxidative Gram-negative bacteria, glucose is oxidized to gluconate in the periplasmic space by a membrane-bound quinone glucose dehydrogenase. It was reported that the enzyme also oxidizes other monosaccharides (Matsushita et al., 1980; Laurinavičius et al., 2003; Meyer et al., 2013) . A. mimigardefordensis strain DPN7
T possesses four genes annotated as quinone glucose dehydrogenases
Carbohydrate uptake in Advenella mimigardefordensis 925 (MIM_c02450, MIM_c038430, MIM_c39230, MIM_c04060), which could serve for the oxidation of monosaccharides.
Our results showed that sugar dehydrogenase activities are present for D-glucose, D-fucose, D-xylose, D-galactose and L-arabinose in the membrane fraction (Table 4) . This explains the restricted growth in the deletion mutants with these monosaccharides. However, up to now, we do not know if only one or all identified genes catalyze the oxidation of the sugars.
Based on these results, we conclude that in order to utilize the three different hexoses (D-galactose, D-glucose and D-fucose) and two pentoses (D-xylose and L-arabinose)
A. mimigardefordensis strain DPN7
T oxidizes these compounds in the periplasm. The obtained sugar acids are most probably subsequently transported by the described TRAP transport system and metabolized by the cells.
Experimental procedures
Bacterial strains and culture conditions
All bacterial strains used in the present study are listed in Supporting Information Table S1 . Escherichia coli strains were cultivated in Luria-Bertani Medium (Sambrook et al., 1998) at 378C on a rotary shaker at 130 rpm with the addition of applicable antibiotics, if necessary. E. coli Top10 was used for cloning procedures and plasmid propagation. E. coli S17-1 was used as donor for plasmid mobilization.
A. mimigardefordensis strains were cultivated in nutrient broth (Sambrook et al., 1998) medium or mineral salt medium (MSM) (Schlegel et al., 1961) aerobically at 308C in flasks without baffles on a rotary shaker at 130 rpm. Carbon sources were supplied from filter-sterilized 1 M stock solutions and adjusted to pH 7.0. Final concentrations of carbohydrates were attuned to 20 mM in solid medium and 60 mM in liquid medium, respectively. Solid media contained 1.8% (wt/vol) agar-agar. Antibiotics were added to the medium in the following concentrations: ampicillin (Ap) 75 mg ml
21
, tetracycline (Tc) 12.5 mg ml
.
Analysis of the carbon source utilization range
The APIV R 50CH test-system (bioM erieux V R , N€ urtingen, Germany) was applied to determine the range of carbohydrates utilized by A. mimigardefordensis strain DPN7
T and A. mimigardefordensis DdctP Am . The procedure was performed according to the manufacturer's instructions. The tubes were inoculated with a cell suspension exhibiting an OD 600 of 0.2. The test tubes were incubated for five days at 308C. The strips, allowing the analysis of 49 different carbohydrates in parallel, were analyzed after two and five days, respectively.
Isolation and transfer of DNA
Chromosomal DNA of A. mimigardefordensis strain DPN7 T was isolated according to Marmur (1961) . Plasmid DNA was isolated from E. coli cells using the GeneJET plasmid miniprep kit from Fermentas (St. Leon-Rot, Germany) according to the manufacturer's instructions. Isolation of DNA fragments was performed using the peqGOLD gel extraction kit (PEQlab, Biotechnologie GmbH, Erlangen, Germany). Competent cells of E. coli strains were prepared and transformed by the CaCl 2 procedure (Sambrook et al., 1998) . The delivery of plasmid DNA from E. coli to A. mimigardefordensis cells was done by conjugation (Friedrich et al., 1981) .
Modification and amplification of DNA
PCRs were performed in the Omnigene HBTR3CM DNA cycler (Hybaid, Heidelberg Germany) using Taq DNA polymerase (Fermentas, St. Leon-Rot, Germany) or Phusion polymerase (Fermentas, St. Leon-Rot, Germany). DNA was digested with restriction endonucleases under conditions described in the manufacturer's manuals. Ligation of DNA fragments was performed using T4-DNA Ligase, which was purchased from Invitrogen (Karlsruhe, Germany). Oligonucleotides were synthesized by MWG-Biotech (Ebersberg, Germany) (Supporting Information Table S1 ).
DNA sequencing and sequence data analysis
Sequencing reactions for DNA fragments were performed according to standard procedures at the Sequence Laboratories G€ ottingen GmbH (G€ ottingen, Germany). Verification of nucleotide sequences was carried out using the BlastN program (National Center for Biotechnology Information, http://www.ncbi.nml.nih.gov, Altschul et al., 1997) . Bioedit was used for multiple sequence alignments (Hall, 1999) .
Reverse transcription-PCR (RT-PCR)
Cells of A. mimigardefordensis strain DPN7
T and the deletion mutant A. mimigardefordensis DdctP Am were harvested in the early exponential growth phase (OD 600 between 0.8 and 1). Total RNA was obtained by RNA isolation using acidic water saturated phenol (AppliChem, Darmstadt, Germany) as described elsewhere (Brandt et al., 2014) . RT-PCR was carried out using the Qiagen 'One Step RT-PCR' kit following the manufacturer's instructions. To exclude DNA contaminations in the RNA samples, PCR was performed without the reverse transcription step. As positive control genomic DNA of A. mimigardefordensis strain DPN7
T was applied. Primers used for transcriptional analysis via RT-PCR are listed in Supporting Information Table S1 .
Construction of gene deletion suicide plasmids
The DNA flanking fragments upstream and downstream of the target genes in the genome of A. mimigardefordensis strain DPN7
T were amplified employing the oligonucleotides listed in Supporting Information Table S1 . The obtained fragments were digested with EcoRI, BamHI or XhoI, respectively, and afterward ligated using T4-DNA ligase. The fragment was amplified using the specific forward primer of the flanking region upstream and the reverse primer of the flanking region downstream of the target gene, respectively. The resulting PCR product was cloned into the XbaI site of pJQ200mp18Tc (P€ otter et al., 2005) to yield the suicide plasmids listed in Supporting Information Table S1 .
Gene deletion using the sacB system
Gene replacement was accomplished by adaption of standard protocols (Quandt and Hynes, 1993; P€ otter et al., 2005) . The donor strain E. coli S17-1 was transformed with the suicide plasmid pJQ200mp18Tc, containing the flanking regions of the respective target gene, to subsequently transfer these plasmids into the recipient A. mimigardefordensis strain DPN7 T via the spot agar mating technique (Friedrich et al., 1981) . The mutants were identified on nutrient broth agar plates supplemented with 15% (wt/vol) saccharose, and on mineral salt medium agar plates containing 12.5 mg ml 21 tetracycline. Correct gene deletion was verified by PCR analysis and sequencing, employing primers which bind outside of the flanking regions of the target genes (Primers see Supporting Information Table S1 ).
Complementation experiments applying pBBR1MCS-5::dctP Am In order to restore the wild type phenotype in the deletion mutant A. mimigardefordensis DdctP Am , the broad-hostrange cloning vector pBBR1MCS-5 (Kovach et al., 1995) was used. The dctP Am (MIM_c39430) gene with the 800-bp region upstream and the region 50 bp downstream of the gene were amplified using the Phusion high fidelity DNA polymerase and the oligonucleotides dctP_comp_HIII_fw and dctP_comp_HIII_rev and yielded a 1919-bp fragment. The latter was digested with HindIII and then ligated with HindIII-digested pBBR1MCS-5 DNA yielding plasmid pBBR1MCS-5::dctP Am.
Uptake assay
Uptake of carbon sources by the cells was measured by a radiometric assay. Cells of the wild type and the deletion mutant were cultivated in precultures of 20 ml MSM supplemented with 60 mM succinic acid for two days. Subsequently, main cultures of 50 ml MSM supplemented with 60 mM succinic acid were inoculated to an OD 600 of 0.1 and cultivated for 18 h. 20 mM Glucose were added 1.5 h before cell harvest. Cells were then washed twice with 30 ml MSM by centrifugation and were then resuspended in substrate-free MSM to an OD 600 0.3. Two sets of samples per strain were prepared. One sample was incubated at 308C, and the other was incubated on ice to determine the background radioactivity due to unspecific binding of the substrate to filters and bacterial cells. All samples were preincubated for 30 min at the temperatures described above. Radiolabeled [ 14 C(U)]-D-glucose with a specific activity of 255 mCi/mmol was added at a final concentration of 2.5 mM. Samples of 1 ml were taken at 0, 15, 30 and 60 min, respectively, and filtered through 0.45 mm pore-size nitrocellulose filters (Sartorius, G€ ottingen, Germany) using a multiple filter device (GEWO Feinmechanik GmbH, W€ orth, Germany) and a suction pump. The filters were washed five times with 1 ml MSM and subsequently transferred to scintillation vials. After addition of 4 ml scintillation liquid (Carl Roth GmbH & Co. KG, Karlsruhe, Germany) the radioactivity was counted. Transport inhibition experiments were performed using the ATPase inhibitor sodium orthovanadate in final concentrations of 30, 100 or 200 mM, respectively. Sodium orthovanadate was prepared as described previously (Urbatsch et al., 1995) . Wild type cells were applied in the inhibition experiments and preincubated with the sodium orthovanadate for 5 min. Radioactivity was counted starting with the addition of radiolabeled [ 14 C(U)]-Dglucose after an incubation period of 30 min.
Cloning, expression and purification of DctP Am
The dctP Am gene was cloned from genomic DNA of A. mimigardefordensis strain DPN7
T into the expression vector pET19b, without the sequence of the signal peptide, using the primer sequences listed in Supporting Information Table S1 . A preculture of 20 ml LB medium containing AP (75 mg ml
21
) was inoculated with freshly transformed cells of E. coli BL21 (DE3) with pET19b dctP Am and incubated overnight on a rotary shaker at 130 rpm and 308C. A 50 ml main culture using ZYP autoinduction medium (Studier, 2005) containing AP (75 mg ml
) was inoculated with 500 ml of the preculture and incubated for 18-20 h on a rotary shaker at 130 rpm at 308C. Subsequently, cells were harvested by centrifugation for 10 min at 48C and 7360 3 g. Cells pellets were washed in 20 ml sodium phosphate buffer (20 mM, pH 7.2) containing 20 mM imidazole. The cells were collected afterward by another centrifugation (48C, 73 690 3 g) and the supernatant was discarded. The cell pellet was resuspended in 5 ml of the sodium phosphate buffer (20 mM, pH 7.2) and disrupted by three passages through a French press. Cell debris and unbroken cells were removed by centrifugation for 30 min at 21 000 3 g and 48C. Due to the N-terminal His-tag provided from pET19b, DctP Am was purified from the lysate applying His Spintrap TM columns (GE Healthcare, Freiburg, Germany) following the manufacturer's instructions using sodium phosphate buffer (20 mM, pH 7.2) containing 20 mM imidazole in the binding buffer, 50 mM imidazole in the washing buffer and 500 mM imidazole in the elution buffer, respectively. Protein concentration was determined via Bradford assay (Bradford, 1976) .
Differential scanning fluorimetry
Prior to differential scanning fluorimetry, the protein was diluted to a final concentration of 10 mM in sodium phosphate buffer (20 mM, pH 7.2). The reaction mixture (20 ml) Carbohydrate uptake in Advenella mimigardefordensis 927 for the determination of K D contained 1 mM of DctP Am , 5 x SYPRO Orange V R (5000 x stock solution, Sigma-Aldrich, MO, USA) and concentrations of tested ligands (D-xylonic acid, D-gluconic acid, D-fuconic acid and L-arabionic acid) in a range from 0.05 to 200 mM. All components were dissolved and diluted in 20 mM sodium phosphate buffer (pH 7.2). The pH of the solutions containing the sugar acids was determined prior to DSF and was pH 7.2. The fluorescence was recorded using a StepOne TM real-time PCR system (Applied Biosystems, CA, USA) in 48 well plates in a temperature range from 208C to 908C following the protocol from Vivoli et al. (2014) . Analysis of the data and calculation of K D were performed using the Protein Thermal Shift TM Software v1.3 (Applied Biosystems by Thermo Fisher Scientific) and GraphPad Prism7 (GraphPad Software Inc., CA, USA). The midpoint of the unfolding transition, described as the melting temperature of each sample, was obtained from fitting the melting curve to a Boltzmann equation. Estimated K D -values were calculated as using the equation for single site ligand binding (Vivoli et al., 2014) . The experiment was carried out in triplicate for each ligand. Tests prior to DSF showed that imidazole residues (approximate 1 mM after dilution) in the protein samples did not affect the thermal shift of the protein in presence of the ligands (not shown).
Purification of membrane fractions
First, a preculture of A. mimigardefordensis strain DPN7 T was incubated overnight at 308C on a rotary shaker at 130 rpm. Cells for membrane isolation were subsequently grown in 400 ml NB medium for 24 h at 308C and 130 rpm. The cells were harvested (7630 3 g, 48C) and washed twice in 45 ml Tris/HCl buffer (10 mM, pH 7.5). The pellet was resuspended in 30 ml Tris/HCl buffer, and the cells were disrupted with five passages through a French press. Cell debris and unbroken cells were removed by centrifugation (30 min, 7360 3 g, 48C). The membrane fraction from the lysate was isolated by ultracentrifugation (30 min, 109 000 3 g, 48C). The supernatant was discarded, and the pellet containing the membrane fraction was washed two times with 10 ml Tris/HCl (10 mM, pH 7.5). Finally, the pellet was resuspended in Tris/HCl (10 mM, pH 7.5) containing 2% (vol/vol) Triton-x100. The protein concentration was determined via Bradford assay (Bradford, 1976) .
Sugar (D-glucose) dehydrogenase assay
The sugar (D-glucose) dehydrogenase activity was determined following the protocol of Matsushita and Ameyama (1982) . The enzyme activity was measured spectrophotometrically at 600 nm at 308C employing PMS and DCPIP as electron acceptors. The reaction mixture contained Tris/ HCl buffer (pH 8.75, 50 mM), 0.22 mM DCPIP, 0.67 mM PMS, 33 mM substrate, 1 mM sodium cyanide and membrane fraction in a final volume of one ml. The reaction was started by the addition of the substrate. One unit of enzyme oxidizes one mM of D-glucose (measured by reduction of DCPIP) per minute at 308C. The extinction coefficient of DCPIP at pH 8.75 is 15.1 mM 21 . The dehydrogenase activity was measured in triplicate.
In silico analyses
The TMHMM Server v. 2.0 [www.cbs.dtu.dk/services/ TMHMM/] was applied to draw diagrams of the transmembranic regions, using the default settings (Sonnenhammer et al., 1998) . Putative quinone-dependent sugar (glucose) dehydrogenases in the genome of A. mimigardefordensis strain DPN7
T were identified via blast search using the sequence of a quinone-dependent sugar (glucose) dehydrogenase from Pseudomonas fluorescens (Sequence ID: WP_046071109.1). Additionally, search for the presence of pfam01011 (pyrroloquinoline quinone enzyme repeat) and an assignment to TIGR03074 (membrane-bound PQQ dehydrogenases, glucose/quinate/shikimate family) was examined.
Data deposition
The complete nucleotide sequences for DctPQM Am have been deposited in the GenBank [www.ncbi.nlm.nih.gov] database under the accession numbers KC537061, KC537062 and KC537063, respectively.
